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Abstract Unilateral cortical lesions cause disturbances
often spreading into the hemisphere contralateral to the
injury. The functional alteration affecting the contrale-
sional cortex is called transhemispheric diaschisis and is
believed to contribute to neurological deficits and to pro-
cesses of functional reorganization post-lesion. Despite the
profound implications for recovery, little is known about
the cellular mechanisms that underlie this phenomenon. In
the present study, transhemispheric diaschisis was investi-
gated with an in vivo–ex vivo model of unilateral lesions,
induced by an infrared laser in rat visual cortex. Visually
evoked cortical activity was evaluated by the expression
level of the cellular activity marker zif268, which showed
an elevation in the cortex contralateral to the lesion.
In vitro patch-clamp recordings from layer 2/3 pyramidal
neurons revealed a shift in the excitatory–inhibitory bal-
ance in favor of excitability, particularly expressed in the
undamaged hemisphere. Layer 5 principal neurons dis-
played an increased spontaneous firing rate contralateral to
the lesion, while cells of the injured cortex displayed a
reduced firing upon somatic current injection. These data
suggest that a cortical lesion triggers an enhanced neuronal
activity in the hemisphere contralateral to the damage. Our
findings constitute an important step toward the under-
standing of transhemispheric diaschisis on the cellular
level.
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Introduction
Focal lesions in the central nervous system cause phys-
iological disturbances which often spread to brain
structures distally located from the site of damage. To
describe these remote functional alterations von Mona-
kow (1914) introduced the concept of diaschisis. Origi-
nally, the term diaschisis was used to describe a reduced
responsiveness of brain areas distant from the injury and
was mainly attributed to the loss of excitatory inputs
from the site of the lesion (Andrews 1991). Although
almost a century has passed from the first description,
diaschisis is still an intensively investigated phenomenon.
Various types of diaschisis have been characterized
depending on the brain structures affected (Finger et al.
2004). Among others, transhemispheric diaschisis—
describing functional changes in the hemisphere contra-
lateral to a unilateral cortical injury in terms of cerebral
blood flow, metabolism and/or electrophysiological
properties—received particular attention (Andrews 1991).
In contrast to original expectations, the uninjured hemi-
sphere was often found to be over-responsive. Several
studies performed in rodent somatosensory cortex in
experimental brain injury models have indeed reported
an increased sensory evoked activity (Meyer et al. 1985;
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Sakatani et al. 1990; Takatsuru et al. 2009; Mohajerani
et al. 2011) as well as an increase in the uptake of
radiolabeled glucose (Jablonka and Kossut 2006; Tak-
atsuru et al. 2009) in the undamaged contralateral cortex.
An abnormal activation of the ‘‘healthy’’ hemisphere has
also been observed in clinical cases of cortical injury
(Nakashima et al. 1985; Cramer et al. 1997; Cao et al.
1998). Electrophysiological in vitro data suggest that the
increased excitability observed in the non-injured cortex
might result from an impaired GABAergic transmission
(Buchkremer-Ratzmann et al. 1996; Reinecke et al.
1999; Neumann-Haefelin and Witte 2000). A cortical
lesion may produce remote disinhibition, rather than a
pure loss of excitatory inputs, as originally postulated
(Andrews 1991). Remarkably, a growing number of
studies ascertained that the contralesional cortex not only
is hyperexcitable but also starts to respond to stimuli
normally represented in the damaged cortex (Chollet
et al. 1991; Takatsuru et al. 2009; Mohajerani et al.
2011; Axelson et al. 2013). It is therefore conceivable
that the contralesional hemisphere may influence pro-
cesses of functional recovery by either interfering with
or taking over the function of the damaged cortex.
Despite the clinical relevance of transhemispheric dias-
chisis, the underlying cellular mechanisms are still
poorly understood. In the present study, we used a well-
established in vivo laser-lesion model to produce a
unilateral focal injury in the right rat visual cortex (for
review see Roll et al. 2012) and we investigated,
ex vivo, the physiological alterations both of the dam-
aged (ipsilateral to the lesion) and contralateral cortex.
By combining analysis of zif268 expression patterns and
patch-clamp recordings, we provide new insights into the
neuronal mechanisms underlying transhemispheric dias-
chisis. The hemisphere-specific distributions of these
alterations suggest a differential participation of the two
cortices in processes of functional recovery. These find-
ings may help the development of new therapeutic
strategies specifically targeted at the injured and the
‘‘healthy’’ hemisphere.
Materials and methods
Ethical statement
This study was carried out in strict accordance with the
European regulations to perform animal experiments on
rodents. The protocol was approved by the Ethics com-
mittee of the University of Mainz (G11-1-016). Animals
were kept under a normal dark–light cycle (12-h dark/12-h
light). The number of animals was kept to a minimum and
all efforts were made to minimize suffering.
Cortical lesion induction
Cortical lesions were induced as previously described (Roll
et al. 2012). Briefly, Long-Evans rats (n = 67) at the age of
21 days were anesthetized by an intraperitoneal injection
of a mixture of Ketamine (100 mg/kg) and Xylazine
(8 mg/kg). The animals were fixated in a stereotaxic
apparatus and the body temperature was maintained con-
stant at 37.5 "C with a heating pad. The skin was opened
with a gentle cut at the level of the midline. Subsequently,
the skull was cautiously drilled above the right visual
cortex to open a 1-mm width window centered 2 mm lat-
eral from the midline starting right anterior to the lambda
suture and extending parallel to the midline for 3 mm
toward bregma. The dura mater was left untouched. Mul-
tiple, confluent lesions were induced through the open skull
under visual control with a 810-nm infrared diode laser
(2 Watt) (OcuLight SLx, Iris Medical, USA) attached to a
binocular operating microscope that was positioned 10 cm
above the head of the animal. Age-matched littermates
were used as sham-operated controls. These animals
underwent the same surgical procedure; however, after
drilling the skull no cortical laser lesion was induced. The
laser light induced a reproducible damage affecting all
cortical layers. The cortical lesion always consisted of a
focal necrotic area measuring 1.5–2 mm in mediolateral
extent, located in the visual cortical areas V1M, V2MM,
V2ML and extending along the rostrocaudal axis between
-8 and -5 mm relative to bregma (Yan et al. 2012; Im-
brosci et al. 2013).
Quantitative in situ hybridization to determine zif268
expression
The immediate early gene (IEG) zif268 was chosen to
map neuronal activity throughout the rat brain because it
is a well-known activity reporter gene. Its mRNA
expression profile has been repeatedly and consistently
reported to specifically correlate with light-induced neu-
ronal activity in the visual cortex of mammals, based on a
swift down-regulation to basal levels when visual input is
absent and a rapid up-regulation in response to visual
stimulation (Arckens et al. 2000; Knapska and Kaczmarek
2004; Takahata et al. 2008, 2009; Hu et al. 2009; Van
Brussel et al. 2009, 2011; Nys et al. 2013). Four days
after lesion induction, each rat was kept overnight in total
darkness for 12 h followed by an exposure to daylight for
45 min to induce maximal expression of the zif268
mRNA in the visual cortex (Kaczmarek and Chaudhuri
1997; Arckens et al. 2000; Van der Gucht et al. 2007).
Thereafter, the rats were deeply anesthetized with isoflu-
rane and decapitated. The brains were immediately frozen
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in 2-methylbutane (Merck) at a temperature of -40 "C.
Coronal sections (25 lm) were cut on a cryostat (Microm
HM 500 OM) and mounted onto 0.1 % poly-L-lysine-
coated slides (Sigma-Aldrich). Series of brain sections
with an interval of 100 lm and spanning the visual cortex
(bregma -8 to 2.28 mm) was collected and kept at
-20 "C. For zif268 expression analysis, a series of sec-
tions was postfixed in 4 % paraformaldehyde in 0.12 M
phosphoric acid in phosphate-buffered saline (PBS;
0.1 M, pH 7.4, 30 min, 4 "C; 0.9 % NaCl), dehydrated
(50, 70, 98 and 100 %, 5 min) and delipidated (100 %
chloroform, 10 min) prior to probe hybridization. The rat-
specific synthetic zif268 probe with sequence: 50-
ccgttgctcagcagcatcatctcctccagtttggggtagttgtcc-30 (Euro-
gentec, Seraing, Belgium) was end-labeled with 33P-
dATP (NEN) using terminal deoxynucleotidyl transferase
(Invitrogen, Paisley, UK) as described earlier (Arckens
et al. 1995). Unincorporated nucleotides were separated
from the labeled probe with mini Quick SpinTM Oligo
columns (Roche Diagnostics, Brussels, Belgium). The
radioactive labeled probe was added to a hybridization
cocktail (50 % formamide, 49 standard saline sodium
citrate buffer, 19 Denhardt’s solution, 10 % dextran
sulfate, 100 lg/ml herring sperm DNA, 250 lg/ml tRNA,
60 mM dithiothreitol, 1 % N-lauroyl sarcosine, 20 mM
NaHPO4 pH 7.4) and applied to the cryostat sections for
an overnight incubation at 37 "C in a humid chamber.
The next day, the sections were rinsed in 19 standard
saline sodium citrate buffer at 42 "C, air-dried and
exposed to an autoradiographic film (Biomax MR, Kodak,
Zaventem, Belgium). Films were developed 1 week later
in Kodak D19 developing solution and fixed in Rapid
fixer (Ilford Hypam, Kodak).
Histology
Histology was performed to aid interpretation of the
molecular activity patterns obtained by in situ hybridiza-
tion. The cryostat sections used for the zif268 labeling
experiments were therefore Nissl-counterstained in a fil-
tered 1 % cresyl violet solution (1 %, Fluka Chemical,
Sigma-Aldrich) to determine the layers of the rat neocor-
tex. For differentiation between gray and white matter, they
were then rinsed in distilled water with a few drops of
acetic acid. Finally, the sections were dehydrated, cleared
with xylene, and coverslipped with DePeX. Images of the
stained coronal sections were made with a light microscope
(Zeiss Axio Imager. Z1) equipped with an AxioCam MRm
camera (1,388 9 1,040 pixels) using the software program
Axiovision Rel.4.6 (Carl Zeiss, Benelux). Comparisons
were made with the most recent stereotaxic atlas of the rat
brain (Paxinos and Watson 2007).
Localization of visual cortex boundaries
To anatomically delineate the areal borders of the rat visual
cortex the same laminar characteristics were used as
described previously for the mouse (Van der Gucht et al.
2007; Van Brussel et al. 2009). This allowed for the gen-
eration of animal-specific coronal atlases of visual cortex
and thus a reliable guide for the interpretation of zif268
in situ hybridization results. We identified four borders
delineating the visual cortex and V1. The medial extras-
triate cortex consisted of thick layers III and V, while V1
was characterized by a dense packing of cells in a thicker
layer IV. At the lateral visual border, in contrast to the
neighboring extrastriate visual area, temporal cortex lacked
a clear lamination pattern following cresyl violet staining
(Chabot et al. 2007).
Quantitative analysis of the zif268 patterns
For each rat, autoradiographic images from three sections,
taken along the rostrocaudal axis of the visual cortex from
-5.52 to -6.24 mm relative to bregma, were scanned at
1,200 dpi (CanoScan LIDE 600F, Canon, USA), and
optical densities (OD, mean gray value per pixel) were
quantified with ImageJ software (Image processing and
analysis in Java, National Institutes of health). To charac-
terize the spatial profile of the zif268 signal along the
mediolateral axis of each coronal section, a raster of 22
lines was fitted over the cortex to obtain 21 identical seg-
ments (Fig. 1a). The raster was aligned on the sections
such that the visual cortex was always covered by segments
3–13, with V1 represented by segments 5–6 to 9 and the
laser lesion located between segments 3 and 6–7. Separate
OD measurements from the supragranular layers plus layer
4 (SG) and from the infragranular layers (IG) were per-
formed for each segment in the three brain sections per
animal. Mean gray values from the three brain sections
were averaged resulting in a single data point for supra-
and infragranular layers per segment, per hemisphere, per
rat. To allow comparison between different experiments,
OD measurements were expressed as 1 - (OD/BG); where
OD represents the optical density value obtained from the
cortical tissue and BG the value obtained from the back-
ground staining which was measured in each autoradio-
graphic image. We also generated pseudocolor maps with a
custom-made MATLAB script (MATLAB R2008b, The
MathWorks Inc., Natick, MA, USA). They represent a
false coloring of the gray values: a low gray value is rep-
resented in black/green and a high gray value in white/
yellow, indicating a low signal response or a high signal
response, respectively. This is done in accordance with a
gray scale ranging from black (0) to white (255).
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Electrophysiology
Slice preparation
After a survival time of 3–5 days, the animals were
deeply anesthetized with isoflurane and decapitated.
Coronal slices containing the visual cortex (300 lm)
were prepared from both hemispheres by use of a
vibratome (LEICA, VT-1000-S, Germany). The tissue
was incubated at room temperature for 1 h in a standard
Artificial CerebroSpinal Fluid (ACSF) containing (in
mM) 126 NaCl, 25 NaHCO3, 2.5 KCl, 1.5 MgCl2, 2
CaCl2, 1.25 NaH2PO4, and 25 D-glucose (pH 7.4) and
bubbled with 95 % O2 and 5 % CO2. Single slices were
transferred into a submerged recording chamber super-
fused (perfusion rate 3.5 ml/min) with either a standard
or a modified ACSF. The latter contained (in mM) 125
NaCl, 25 NaHCO3, 5 KCl, 1 MgCl2, 1 CaCl2, 1.25
NaH2PO4, and 25 D-glucose bubbled with 95 % O2 and
5 % CO2. During the experiments the ACSF temperature
was kept at 31 ± 1 "C. The recording chamber was
mounted on an upright microscope (Olympus-BX50WI,
Olympus, Japan) equipped with 2.59 and 409 water
immersion-type objectives.
Whole-cell patch-clamp recordings
Electrophysiological recordings were performed at
1 ± 0.3 mm distance from the border of the lesion and in
homotopic regions in the cortex contralateral to the lesion
and in sham-operated animals (Fig. 1b). Voltage- and
current-clamp whole-cell patch-clamp recordings were
performed under visual control using DIC optics from
layers 2/3 and layer 5 pyramidal neurons, respectively.
Patch pipettes were pulled from borosilicate glass capil-
laries (GB 150F-8P, Science Products, Germany) and their
resistance ranged from 4 to 6 MX when filled with intra-
cellular solution. The intracellular solution used to measure
spontaneous excitatory postsynaptic currents (sEPSCs) and
evoked postsynaptic currents contained (in mM) 125 Cs-
gluconate, 5 CsCl, 10 EGTA, 2 MgCl2, 2 Na2-ATP, 0.4
Na2-GTP, 10 HEPES and 5 QX-314. To measure sponta-
neous inhibitory postsynaptic currents (sIPSCs), we used
an intracellular solution containing (in mM) 120 CsCl, 2
MgCl2, 2 CaCl2, 2 Mg-ATP, 0.3 Na-GTP, 10 Hepes, 10
EGTA and 5 QX-314. For current-clamp recordings the
intracellular solution contained (in mM) 140 K-gluconate,
8 KCl, 2 MgCl2, 4 Na2-ATP, 0.3 Na2-GTP, 10 Na-phos-
phocreatine and 10 HEPES. The pH was set to 7.3 with
either CsOH or KOH. In experiments conducted in voltage
clamp, the access resistance was controlled before and after
each recording. Neurons were discarded if this parameter
was either higher than 20 MX or changed more than 20 %.
Bridge balance was applied throughout the current-clamp
experiments. A subset of layer 5 pyramidal cells was filled
with Lucifer yellow to allow post hoc morphological
examination.
Experimental design
sEPSCs and sIPSCs were measured at -80 mV and were
pharmacologically isolated by bath application of either
picrotoxin (PTX, 50 lM) and (d-(-)-2-amino-5-phospho-
nopentanoic acid (D-AP5, 25 lM) or 6,7-dinitroquinoxa-
line-2,3-dione (DNQX, 20 lM) and D-AP5 (25 lM),
respectively. Evoked PSCs were produced placing a
Fig. 1 Histology of the focal laser lesion and illustration of the
different methodological approaches. a Example of cresyl violet-
counterstained coronal rat brain section at bregma -5.40 mm. The
raster plot, dividing each hemisphere in 21 equal segments, is aligned
on the section so that the medial and lateral borders of the visual
cortex (black arrow heads) were always located in segments 3 and 13,
respectively. Note the location of the infrared laser lesion between
segments 3 and 6 in the medial part of the right visual cortex. To
quantify the zif268 expression level, optical density analyses were
conducted from the accompanying zif268 image for each segment.
b Same image as in a. Here, the symbols illustrate the site where
patch-clamp recordings were performed either at 1 mm lateral from
the border of the lesion or in the homotopic region in the contralateral
hemisphere. Homotopic cortical areas were selected to perform
recordings from sham-operated rats
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glass-stimulating electrode in layer 4 underneath the
recorded cell. Evoked pairs of EPSCs and IPSCs were
recorded at -80 mV and were pharmacologically isolated
in the same way as sPSCs. To directly compare the strength
of excitatory and inhibitory synaptic transmission onto
layer 2/3 pyramidal neurons, the amplitude of evoked
EPSCs and IPSCs were measured in each recorded cell. To
allow these measurements, slices were incubated with
NMDAR blockers (D-AP5, 25 lM) and AMPAR- and
GABAAR-mediated currents were isolated by clamping
neurons at the reversal potentials for GABAARs (-60 mV)
and AMPARs (?10 mV), respectively. First, we adjusted
the intensity of the extracellular stimulation to evoke EP-
SCs of about 170 pA while clamping the cells at -60 mV.
Evoked GABAAR-mediated currents were then recorded
maintaining the same stimulation intensity and shifting the
clamping voltage to ?10 mV. Bath application of DNQX
(20 lM) or PTX (50 lM) abolished the evoked EPSCs or
IPSCs, respectively. This control validated our approach
and confirmed that our recordings were performed at, or
very close to, the reversal potential for GABAARs and
AMPARs.
Spontaneous firing was evaluated in layer 5 principal
neurons since this layer represents the main output of the
cortex and a subpopulation of layer 5 neurons is known to
project to the contralateral cortex (Kasper et al. 1994;
Molna´r and Cheung 2006; Macharadze et al. 2012).
Spontaneous firing in layers 2/3 neurons could not be
studied since neurons in superficial layers never showed
spontaneous activity, even when slices were treated with
the modified ACSF (data not shown).
For current-clamp experiments, cells were considered
active if they produced spontaneous action potentials dur-
ing 5-min recordings. If no spontaneous spikes were
detected after this period, cells were considered silent. In
case a neuron transited from a silent into an active state (or
vice versa), spontaneous firing frequency was calculated
from the active state period only. In a minority of neurons
(2 out of 36), we observed fluctuations between several up
(active) and down (silent) states during our recordings
(supplementary material Fig. S2). In these cases, the firing
frequency was calculated considering the recording period
going from the first to the last up state as a single active
state.
Resting membrane potential (resting Vm) was measured
in silent neurons only, soon after achieving whole-cell
configuration. Somatic input resistance (IR) was measured
by injecting, through the patch-clamp electrode, a 1-s-
lasting negative square current pulse (-50 pA) producing a
hyperpolarization of few mV from the resting membrane
potential. To study the firing properties of neurons, we
delivered a series of current pulses (at 0.1 Hz) starting from
-50 pA and increasing the current magnitude by 25 pA for
each step. The firing frequency in response to somatic
current injection was calculated by counting the number of
action potentials during the entire duration of each current
pulse (1 s). During current injection the membrane poten-
tial (Vm) of neurons was set to -70 mV. This protocol was
not carried out in active cells which could not be held at
this potential.
Electrophysiological data acquisition and analysis
An Axopatch-200B amplifier (AXON Instrument, USA)
was used to record electrical signals in voltage-clamp
experiments. Current-clamp experiments were performed
with an Axoclamp-2B amplifier (AXON Instrument,
USA). Data were filtered at 10 kHz and digitized at
20 kHz using a Digidata-1400 system with PClamp 10
software (Molecular Devices, Sunnyvale, CA, USA).
PClamp 10.1 software was used for off-line analysis.
Spontaneous EPSC/IPSCs were semi-automatically iden-
tified by the software Clampfit 10.1 and were further
validated by careful visual inspection. Frequency and
amplitude of sEPSC/sIPSCs were calculated as the median
of 500 events for each cell. The evoked signals used for
analysis were averages of 6–8 consecutive responses
repeated every 15 s. Paired-pulse ratio (PPR) was com-
puted as the ratio of the amplitude of the second to the
first EPSC (or IPSC) elicited at different interstimulus
intervals (ISIs) (30, 50, 100 ms). The balance between
excitatory and inhibitory synaptic inputs was estimated by
computing the ratio between the amplitude of evoked
EPSC recorded at -60 mV and the amplitude of evoked
IPSC at ?10 mV.
Drugs
The following blockers were used: D-AP5 (25 lM, Tocris
Biozol, Eching Germany), DNQX (20 lM, Tocris Biozol,
Eching Germany), PTX (50 lM, Tocris Biozol, Eching
Germany).
Statistics
Results are presented as mean ± SEM. The statistic eval-
uation of OD values was performed with GraphPad Prism
5. Paired Student’s t test was used for comparison between
ipsilesional and contralesional cortices of the same animal,
while an unpaired Student’s t test was employed for
comparison of OD values between lesion and sham ani-
mals. Student’s t tests were conducted after verifying the
normal distribution of the data with the Kolmogorov–
Smirnov test by use of GraphPad Prism 5 software. In case
the data were not normally distributed either Wilcoxon
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signed rank test (for comparison between ipsilesional and
contralesional cortex) or Mann–Whitney test (for compar-
ison between lesion and sham) was employed. The statis-
tical significance of the electrophysiological data was
assessed with the software SPSS. One-way ANOVA and
post hoc LSD were used to compare sham, les ipsi and les
contra. Chi-square test was performed for the statistical
evaluation of the proportion of active and silent cells. In the
‘‘Results’’ section the given p values were referred to
compare between ‘‘sham’’ and ‘‘les ipsi’’ or between
‘‘sham’’ and ‘‘les contra’’, if not otherwise stated. Signifi-
cantly different values are indicated by asterisks in the
figures (*p\ 0.05; **p\ 0.01; ***p\ 0.001).
Results
Lesion-induced changes in the expression level
of zif268 mRNA in both hemispheres
Five days post-lesion we assessed neuronal activity upon
visual stimulation in both visual cortices by analyzing the
expression level of zif268 mRNA. In sham animals, the
zif268 signal in SG and IG layers had a similar profile
across the full mediolateral extent of the neocortex with
upper layers showing a higher expression level than lower
layers (Fig. 2a). From medial to lateral, the zif268 signal
increased rapidly from the retrosplenial to the secondary
Fig. 2 Lesion effect on zif268 expression in both cortical hemi-
spheres. a Representative autoradiogram and matching pseudocolor
image of coronal sections labeled for zif268 from a sham-operated
(left) and a lesion-treated (right) animal. Sections have been taken at
bregma level -5.8 ± 0.2 mm. The color scale bar ranges from
maximal signal (max, white) to no signal (min, black–dark green) in
six equal steps. b Optical density measurements of zif268 signal, in
supragranular layers along the mediolateral extent of the coronal
sections in both hemispheres from sham-operated animals (sham ipsi,
right cortex; sham contra, left cortex). Optical density measurements
are expressed as 1 - (OD/BG) where OD/BG represents the ratio
between optical density (OD) and background staining (BG) which
was measured in each image. c Mean optical density levels from V1
and the lateral part of the secondary visual cortex obtained by pooling
data from segment 8 to 13. d Optical density measurements as in
b from lesion-treated animals (les ipsi, cortex ipsilateral to the lesion;
les contra, cortex contralateral to the lesion). e Mean optical density
levels as in c from lesion-treated animals. f–i Optical density analysis
as in b–e but from infragranular layers. In the line graphs in b, d, f, h,
lines represent the mean and gray areas the standard error. In the
black segments above, the graphs identify the mediolateral location of
the visual cortex and V1. The dashed rectangle area in d and
h represents the maximal extent of the lesion (the largest lesion
extended from segment 2 to 7)
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visual cortex (V2MM/V2ML, segment 3), reached a peak
in V1 (segments 8–9) and subsequently decreased until it
reached a minimum close to the lateral border of the visual
cortex (V2L, segments 13–14). The overall zif268 pattern
was very similar in the left and right cortex from sham
animals (Fig. 2a–c, f, g). In lesion-treated animals we
observed a similar spatial profile; nonetheless, a significant
difference in zif268 level was found between the injured
and the undamaged hemisphere. Besides an expected dra-
matic decrease in zif268 signal at the primary site of lesion,
the level of zif268 in the injured cortex remained signifi-
cantly lower than in the contralateral hemisphere both in
the SG and IG layers along the whole visual cortex (from
segment 8 to 13, 1 - (OD/BG), SG layer, lesion (les) ipsi
0.73 ± 0.01 from 4 animals; les contra 0.83 ± 0.01,
p\ 0.05; IG layers, les ipsi 0.60 ± 0.02; les contra
0.66 ± 0.01, p\ 0.05; Fig. 2a, d, e, h, i).
The imbalance in neuronal activity between the two
hemispheres was primarily, but not exclusively present in
the visual cortex. A significant difference in zif268
expression between damaged and contralateral cortex was
also observed lateral to the visual cortex, in the infra-
granular layers of a cortical area primarily processing
auditory inputs (Paxinos and Watson 2007), (from segment
14 to 19, SG layers, p[ 0.05; IG layers, p\ 0.05). The
zif268 expression level in the visual cortex contralateral to
the lesion was also significantly higher than that in the
homologous cortex from sham-operated animals. However,
in this case the hyperexcitability was restricted to V1 and to
the secondary visual cortex lateral to V1, while the zif268
expression remained unchanged in the medial secondary
visual cortex, which corresponds to the area homotopic to
the lesion (from segment 8 to 13, 1 - (OD/BG), SG layers,
sham-op contra 0.73 ± 0.01 from 5 animals; les contra
0.83 ± 0.01, p\ 0.05; IG layers, sham-op contra
0.61 ± 0.01; les contra 0.66 ± 0.01; Fig. 3c, d, g, h).
When we compared the cortex ipsilateral to the lesion with
the homologous hemisphere from sham-operated rats, we
did not find significant changes in zif268 signal in the part
of the visual cortex spared from the injury (from segment 8
to 13, 1 - (OD/BG), SG layers, sham-op ipsi 0.76 ± 0.02;
les ipsi 0.73 ± 0.01; IG layers, sham-op ipsi 0.59 ± 0.01;
les ipsi 0.60 ± 0.02; Fig. 3a, b, e, f) as well as at more
lateral positions, outside the visual cortex (from segment
14 to 19, SG layers and IG layers, p[ 0.05).
Spontaneous excitatory and inhibitory transmission
Spontaneous EPSCs were recorded from layer 2/3 pyra-
midal neurons at a holding potential of -80 mV in the
presence of PTX (50 lM) and D-AP5 (25 lM) (Fig. 4a).
Neither the frequency (sham-op 13.48 ± 1.38 Hz, 16 cells
from 5 animals; les ipsi 12.69 ± 0.79 Hz, 13 cells from 3
animals, p[ 0.05; les contra 15.18 ± 1.26 Hz, 9 cells
from 3 animals, p[ 0.05) nor the amplitude (sham-op
13.80 ± 0.88 pA; les ipsi 14.00 ± 0.80 pA, p[ 0.05; les
Fig. 3 Comparison of zif268 expression between the visual cortex of
lesioned and sham animals. Optical density measurements of zif268
signal, in supra- (a–d) and infragranular layers (e–h), along the
mediolateral extent of the visual cortex comparing a, b, e, f the
ipsilesional cortex (les ipsi) and c, d, g, h the contralesional cortex
(les contra) with the respective homotopic hemisphere from sham-
operated animals (sham ipsi, sham contra)
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contra 12.33 ± 0.98 pA, p[ 0.05) of these spontaneous
events was altered by the cortical lesion (Fig. 4a–c).
Spontaneous inhibitory postsynaptic currents were also
measured at -80 mV with a CsCl-based intracellular
solution, in the presence of DNQX (20 lM) and D-AP5
(25 lM) (Fig. 4d). Contrary to sEPSCs, the frequency of
sIPSCs was reduced post-lesion both in the cortex ipsilat-
eral and contralateral to the lesion (sham-op
9.04 ± 0.83 Hz, 12 cells from 3 animals; les ipsi
5.27 ± 0.56 Hz, 18 cells from 3 animals, p\ 0.001; les
contra 6.43 ± 0.39 Hz, 13 cells from 3 animals, p\ 0.01;
Fig. 4e). Furthermore, the mean amplitude of these spon-
taneous events revealed a reducing trend post-lesion
(sham-op 42.11 ± 4.47 pA; les ipsi 34.73 ± 2.24 pA,
p = 0.11; les contra 33.12 ± 2.75 pA, p = 0.07; Fig. 4f).
Commonly, a drop in the occurrence of sIPSCs is related to
a reduction in the spontaneous release of GABA from
presynaptic terminals. This impairment in basal inhibitory
synaptic transmission may cause a shift in the neuronal
excitation–inhibition balance in favor of excitability in
both the injured and undamaged hemisphere.
Lesion-induced changes of evoked synaptic responses
To further explore changes in synaptic transmission we
evoked EPSCs and IPSCs with an extracellular stimulation
electrode placed in layer 4, underneath the recorded cell.
Excitatory and inhibitory evoked responses were recorded
at -80 mV and were pharmacologically isolated as
described above. Changes in short-term plasticity were
studied eliciting pairs of either EPSCs or IPSCs with dif-
ferent ISIs (30, 50 and 100 ms). A clear paired-pulse
facilitation of EPSCs was observed in the sham group at
short ISI (30 ms), (Fig. 5a). This form of short-term plas-
ticity was impaired both in the injured and the undamaged
cortices (PPR at 30 ms, sham-op 1.49 ± 0.09 pA, 16 cells
from 5 animals; les ipsi 1.26 ± 0.10 pA, 17 cells from 7
animals, p = 0.07; les contra 1.12 ± 0.06 pA, 15 cells
from 7 animals, p\ 0.01). To our surprise the lesion-
induced effects on PPR were more strongly expressed in
the hemisphere contralateral to the lesion (Fig. 5a, c).
Contrary to EPSCs, inhibitory synapses showed a clear
paired-pulse depression in the sham group at all ISI tested
(Fig. 5b). As already reported previously (Imbrosci et al.
2013) the PPR of IPSCs was increased in the tissue adja-
cent to the lesion (PPR at 30 ms, sham-op 0.70 ± 0.05 pA,
19 cells from 3 animals; les ipsi 1.00 ± 0.09 pA, 17 cells
from 5 animals, p\ 0.01). Once again these lesion-
induced alterations were also present and were more
strongly expressed in the contralateral cortex (les contra
1.14 ± 0.15 pA, 21 cells from 7 animals, p\ 0.01;
Fig. 5b, d). Notably, an inverse correlation is often
Fig. 4 Lesion effects on spontaneous synaptic transmission on layer
2/3 pyramidal neurons. a Representative traces of pharmacologically
isolated sEPSCs in the different experimental groups. The complete
abolishment of the signals following bath application of DNQX
confirmed that they were due to the activation of AMPARs. b Mean
frequency and c mean amplitude of sEPSCc. d Representative traces
of pharmacologically isolated sIPSCs. All signals disappeared when
PTX (50 lM) was applied into the bath, confirming that they were
due to the activation of GABAARs. e Mean frequency and f mean
amplitude of sIPSCc
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reported between PPR and the release probability of neu-
rotransmitter at the presynaptic site (Jiang et al. 2000;
Thomson 2000). The reduction in PPR of EPSCs and the
increased PPR of IPSCs post-lesion might therefore result
from an increased glutamate and a decreased GABA
release, which may shift the excitation–inhibition balance
in favor of excitability. To further explore a possible
lesion-mediated imbalance between excitation and inhibi-
tion, we compared in each recorded neuron the amplitude
of EPSCs and IPSCs evoked using the same stimulation
intensity (Fig. 6a). This approach allowed us to directly
compare the strength of glutamatergic and GABAergic
inputs onto layer 2/3 pyramidal cells. First, the intensity of
the stimulating electrode was adjusted to evoke EPSCs of a
defined amplitude while cells were clamped at -60 mV
(sham-op 168.24 ± 7.17 pA, 20 cells from 5 animals; les
ipsi 174.18 ± 12.58 pA, 15 cells from 6 animals; les
contra 169.31 ± 10.32 pA, 15 cells from 6 animals;
Fig. 6b). Evoked GABAAR-mediated currents were then
recorded by shifting the clamping voltage to ?10 mV and
maintaining the same stimulation strength. Finally, to
provide an estimation of the excitation-inhibition balance
we computed the ratio between the amplitude of AMPAR-
and GABAAR-mediated currents. Interestingly, the AMPA/
GABA ratio remained unchanged ipsilateral to the lesion
but was shifted in favor of excitation in the contralateral
undamaged cortex (sham-op 0.20 ± 0.02, 20 cells from 5
animals; les ipsi 0.22 ± 0.03, 15 cells from 6 animals,
p[ 0.05; les contra 0.35 ± 0.07, 15 cells from 6 animals,
p\ 0.05; Fig. 6c). A single stimulation might not reflect
the situation in vivo. We therefore additionally explored
the dynamics of the excitation–inhibition balance during
repetitive synaptic stimulations. Twenty consecutive EP-
SCs/IPSCs were evoked every 200 ms (5 Hz) (Fig. 6d) and
the AMPA/GABA ratio was calculated for each stimulus.
In sham-operated animals, the AMPA/GABA ratio
increased slightly with the first few stimuli and remained
relatively stable thereafter (Fig. 6e). This finding indicates
that, under physiological circumstances, repetitive synaptic
inputs at 5 Hz do not cause progressive changes in the
excitatory–inhibitory balance of supragranular neurons.
Instead, neurons located adjacent to the lesion and in the
undamaged cortex showed a robust and progressive raise in
the AMPA/GABA ratio with the first stimuli. The AMPA/
GABA ratio in both hemispheres from lesion-treated ani-
mals remained higher than control for the whole stimula-
tion duration (Fig. 6e). Therefore, with subsequent stimuli,
an imbalance in favor of excitability emerged ipsilateral to
the lesion and became more evident in the contralateral
cortex.
Hemisphere-specific alterations in neuronal activity
of layer 5 pyramidal neurons
After exploring changes in synaptic inputs we were inter-
ested to know if the lesion could also alter spontaneous
neuronal activity of pyramidal neurons. We were able to
induce spontaneous firing in a portion of layer 5 pyramidal
cells by exciting brain slices with an mACSF slightly dif-
ferent in ionic composition from a standard bath solution
(for details see ‘‘Material and methods’’) (Bar-Yehuda and
Korngreen 2007). The first observation was an increased
portion of spontaneously active cells at the border of the
lesion (sham-op 34.37 %, 11 of 32 cells, from 5 animals;
les ipsi 57.69 %, 15 of 26 cells, from 6 animals, p = 0.06,
p\ 0.05 with les contra; les contra 28.57 %, 10 of 35 cells,
from 6 animals) (Fig. 7a). The increased number of active
cells was not accompanied by a general depolarization of
neurons. Indeed, the resting Vm measured in silent neurons
was not significantly altered by the injury (supplementary
material Fig. S3). While a greater population of active cells
was found in the cortex ipsilateral to the lesion, the fre-
quency of spontaneous firing was significantly elevated in
the non-injured contralateral cortex (sham-op
9.08 ± 2.3 Hz; les ipsi 9.89 ± 1.59 Hz; les contra
17.50 ± 2.51 Hz, p\ 0.05; Fig. 7b, c). Layer 5 pyramidal
cells are not a homogeneous population of neurons (Kasper
et al. 1994). Indeed, we could distinguish between two
major classes of cells based on the firing pattern in
response to the depolarizing current injection. The first
class responded with an initial burst of action potentials
while the second class included regular firing cells which
Fig. 5 Lesion-induced changes in evoked EPSCs and IPSCs. Rep-
resentative traces of pharmacologically isolated a AMPAR-mediated
currents and b GABAAR-mediated currents evoked by pairs of
presynaptic stimulations with an interstimulus interval (ISI) of 30 ms.
Mean paired-pulse ratio (PPR) for each experimental group for
c excitatory and d inhibitory signals for different ISIs. Black and gray
asterisks indicate significant differences between les ipsi and sham
and les contra and sham, respectively
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never fired in a burst (Fig. 7d; supplementary material Fig.
S3). The two classes of cells will be referred to as burst
(B) or regular spiking (R). Notably, the increased per-
centage of active neurons observed ipsilateral to the lesion
was mostly due to an increased portion of active burst-
spiking cells (only B, sham-op 26.32 %, 5 of 19 cells; les
ipsi 61.54 %, 8 of 13 cells, p\ 0.05, p\ 0.05 with les
contra; les contra 23.53 %, 4 of 17 cells, only R, sham-op
46.15 %, 6 of 13 cells; les ipsi 53.85 %, 7 of 13 cells; les
contra 33.33 %, 6 of 18 cells; Fig. 7e). Similarly, contra-
lateral to the lesion the increased spontaneous firing fre-
quency was more pronounced in burst-spiking (sham-op
6.55 ± 2.13 Hz; les ipsi 10.98 ± 1.39 Hz; les contra
23.16 ± 0.83 Hz, p\ 0.05, p\ 0.05 with les ipsi) than in
regular-spiking cells (sham-op 10.77 ± 3.40 Hz; les ipsi
8.65 ± 2.95 Hz; les contra 14.67 ± 3.17 Hz; Fig. 7f).
Finally, to study the relationship between depolarizing
inputs and neuronal output, we constructed a firing rate to
current injection curves (Fig. 8a). Neurons from the injured
cortex responded with a lower firing frequency to the same
current injection intensity and had a lower mean maximum
firing rate (sham-op versus les ipsi p\ 0.01 from 525 to
550 pA, p\ 0.05 from 400 to 500 pA; les contra versus les
ipsi p\ 0.01 at 525 pA, p\ 0.05 from 424 to 550; max-
imum firing rate, sham-op 54.16 ± 2.36 Hz; les ipsi
43.90 ± 3.13 Hz, p\ 0.05; les contra 55.18 ± 2.95 Hz;
Fig. 8a, b). The reported alterations were not due to a
reduction in input resistance (sham-op 91.92 ± 6.60 MX;
les ipsi 85.76 ± 9.83 MX; les contra 91.54 ± 10.02 MX;
supplementary material Fig. S3). A reduced responsiveness
could be expected in spontaneously active cells, which,
even if artificially hyperpolarized through somatic current
injection to -70 mV (for details see ‘‘Material and meth-
ods’’) might have a good portion of voltage-gated Na?
channels in the inactivated state at non-perfectly clamped
membrane domains. However, when only silent cells were
included in the analysis, the same trend was observed
(sham-op versus les ipsi p\ 0.05 from 350 to 475 pA;
Fig. 8c). This suggests that the higher proportion of active
cells was not responsible for the reduced responsiveness of
neurons in the injured cortex. Conversely to the changes
observed in the spontaneous firing, regular-spiking neurons
were found to be primarily affected by the lesion (sham-op
versus les ipsi p\ 0.05 from 375 to 400 pA and p\ 0.01
from 425 to 550 pA, les contra versus les ipsi p\ 0.05 for
525 and 550 pA; maximum firing rate, sham-op
54.58 ± 4.35 Hz; les ipsi 39.36 ± 3.72 Hz p\ 0.05; les
contra 53.28 ± 4.21 Hz; Fig. 8e). The relation between
firing rate and current injection in burst-spiking neurons
remained instead largely unaltered post-lesion (maximum
firing rate, sham-op 54.05 ± 2.68 Hz; les ipsi
48.8 ± 4.77 Hz; les contra 57.4 ± 3.99 Hz; Fig. 8d).
Fig. 6 Lesion-induced shift in the balance between excitation and
inhibition. a Evoked postsynaptic currents recorded in the same
neuron, clamping the cell at -60 (bottom) and ?10 mV (top) while
keeping synaptic stimulation intensity constant. This strategy permit-
ted to isolate excitatory and inhibitory currents in the same cell and
without pharmacological interventions due to the fact that the reversal
potential for GABAARs and AMPARs are located in close proximity
to -60 and ?10 mV, respectively. The abolishment of the signals by
bath application of DNQX and PTX confirmed that they were indeed
mediated by AMPARs and GABAARs, respectively. b Mean ampli-
tude of evoked AMPAR-mediated currents recorded at -60 mV. The
stimulation strength was calibrated to obtain similar amplitude in the
different experimental groups. c Ratio between the amplitude of
AMPAR- and GABAAR-mediated signals (AMPA/GABA ratio)
calculated in each cell. d Representative postsynaptic currents evoked
by repetitive presynaptic stimulations at 5 Hz and recorded, once
again, at -60 (bottom) and ?10 mV (top). e Summary diagram
showing the dynamics of the AMPA/GABA ratio for subsequent
pulses, in different experimental groups. Black and gray asterisks
indicate significant differences between les ipsi and sham and les
contra and sham, respectively
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Discussion
The cortical hemispheres of the mammalian brain are not
two separate entities but they extensively communicate,
mainly via the corpus callosum (Innocenti 1986). Through
callosal fibers the two cortices can exert reciprocal, com-
plex modulatory actions, maintaining a control on each
other’s activity (Pietrasanta et al. 2012). These complex
interhemispheric interactions are essential for a proper
sensory perception (Makarov et al. 2008; Rochefort et al.
Fig. 7 Hemisphere-specific lesion-induced changes in the spontane-
ous firing activity of layer 5 pyramidal cells. a Pie charts showing the
percentage of spontaneously active and silent layer 5 neurons in each
experimental group. b Representative voltage traces showing spon-
taneous firing in layer 5 pyramidal cells. c Mean spontaneous firing
rate measured in active neurons. d Trains of action potentials induced
by somatic current injection used to distinguish burst-spiking (B) and
regular (R)-spiking neurons (left). Confocal images of a representative
Lucifer yellow labeled—B and R neurons (right). e Percentage of
spontaneously active burst (B)- and regular (R)-spiking neurons.
f Mean spontaneous firing rate in the two neuronal subclasses
Fig. 8 Cortex-specific changes in evoked firing of layer 5 pyramidal
cells following lesion. a Voltage traces in response to a 1-s-lasting
suprathreshold depolarizing (300 pA) current step from a represen-
tative burst-spiking (left) and regular-spiking (right) neuron in each
experimental group. b Relation between mean firing frequency and
current injection for all neurons in each experimental group. c Same
as in b but without the contribution of spontaneously active cells. d, e
Relation between mean firing frequency and current injection for
burst- and regular-spiking neurons, respectively
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2009), for accomplishing complex motor behavior (Serrien
et al. 2001; Kennerley et al. 2002) and for the performance
of high cognitive functions (Gazzaniga 2005). Due to the
importance of this interhemispheric cooperativity, it is not
surprising that pathological events affecting one cortical
hemisphere, such as focal cortical injuries, are often found
to profoundly affect activity and function of the opposite,
undamaged cortex. Although interhemispheric functional
changes contribute to behavioral deficits and are likely to
play a major role in recovery, the underlying cellular
mechanisms remain largely unknown. The present work
was therefore designed to gain insights into the neuronal
correlates of these alterations. So far transhemispheric
functional changes were mainly studied in stroke patients
(Nakashima et al. 1985; Cramer et al. 1997; Cao et al.
1998; Carter et al. 2010) or in experimental animal models
of stroke and brain lesions (Buchkremer-Ratzmann et al.
1996; Dijkhuizen et al. 2003; Takatsuru et al. 2009; Mo-
hajerani et al. 2011; Greifzu et al. 2011). Therefore, the
present model represents a complementary tool to explore
whether large-scale functional changes are etiology spe-
cific or whether they generally take place following the loss
of a specific cortical area.
Lesion-induced alterations in cortical activity assessed
by analyzing zif268 expression
We investigated the spatial extent of activity changes
induced in the two cortical hemispheres upon induction of
unilateral lesions. To address this issue, we assessed
visually evoked neuronal activity by measuring the mRNA
expression level of the activity reporter gene zif268 (Ka-
czmarek and Chaudhuri 1997; Arckens et al. 2000). Based
on the changes in the intensity of the zif268 signal, neu-
ronal activity was significantly higher in the contralateral
cortex with respect to the injured hemisphere (Fig. 2a, d, e,
h, i). This finding is in good agreement with data from
other lesion models, where large-scale functional altera-
tions in cortical activity were investigated with imaging
techniques, such as fMRI (Dijkhuizen et al. 2003) and
voltage-sensitive dye imaging (Mohajerani et al. 2011), or
with in vitro and in vivo field potential recordings (Buc-
hkremer-Ratzmann et al. 1996; Reinecke et al. 1999;
Neumann-Haefelin and Witte 2000; Takatsuru et al. 2009).
Our findings, produced in a unique and rather different
lesion model, strongly suggest that these functional chan-
ges do not depend on the location of the damage in a
specific brain area or on the nature of the injury but they
may generally occur following a substantial loss of cortical
neurons. Furthermore, our data provide additional infor-
mation concerning the spatial distribution of these func-
tional changes. First, both supragranular and infragranular
layers were similarly affected by the lesion (Fig. 2a, d, h).
Second, when the injured cortex was compared with the
homotopic visual cortex from sham-operated animals the
zif268 signal remained unchanged even very close to the
lesion border (Fig. 3a, b, e, f). Therefore, an area of
reduced activity does not seem to be present in our lesion
model. In contrast, the cortex contralateral to the lesion
showed a significantly higher zif268 expression in the
cortical region comprising V1 and the secondary visual
cortex lateral to V1 (segments 8–13) when compared with
sham animals (Fig. 3c, d, g, h). The competition for visual
inputs and the reciprocal control on neuronal activity
between the two hemispheres, mainly via the corpus cal-
losum (Pietrasanta et al. 2012), is likely to influence the
excitability of the damaged and contralateral cortex. In this
regard, it is interesting that the increased visually driven
activity in the contralesional cortex was not observed in the
medial part of the visual cortex, but it was selectively
expressed in V1 and V2 lateral (Fig. 3c, g). Remarkably,
the border region between V1 and V2 lateral represents the
visual cortical area where callosal inputs preferentially
terminate (Olavarria and Van Sluyters 1983). The dense
callosal inputs present at this specific cortical location may
facilitate interhemispheric modulation. In particular, the
increased neuronal activity in the hemisphere spared by the
lesion may emerge due to the loss of a negative inter-
hemispheric modulation from the damaged cortex.
Although this hypothesis cannot be ruled out, it is impor-
tant to mention a recent study, which after silencing one
cortical hemisphere failed to detect an increase in the
activity of the opposite cortex (Restani et al. 2009). This
study suggests that additional factors should contribute to
set the activity level of the cortex contralateral to the
injury. Finally, it was interesting to observe that an
imbalance in neuronal activity not only existed between the
damaged and contralateral visual cortex. The changes
extended beyond the lateral border of the visual cortex into
a cortical area mainly processing auditory inputs (Fig. 2b,
d) (Paxinos and Watson 2007). Future studies using spe-
cific experimental settings aimed at optimizing differences
in zif268 expression outside vision-related brain structures
may further explain the relevance of these changes.
Lesion-induced changes in synaptic transmission
in supragranular layers
Recently, we have reported an impaired phasic GABA
release in the cortical tissue at the border of laser-induced
lesions (Imbrosci et al. 2013). Similarly, intracellular
recordings performed in different models of cortical injury,
with both traumatic and ischemic etiology, have docu-
mented an impaired inhibitory synaptic transmission in the
neighboring, surviving cortical tissue (Mittmann et al.
1994; Neumann-Haefelin and Witte 2000; Li and Prince
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2002). The excitatory synaptic transmission, in contrast,
was found to be enhanced in some models of cortical
trauma (Li et al. 2005; Avramescu and Timofeev 2008;
Yan et al. 2012). Despite these numerous studies,
describing robust functional synaptic alterations in the
surround of the lesion, the contralateral spread of these
changes have not been investigated with cellular resolution,
yet. In the present study, voltage-clamp recordings from
layer 2/3 principal neurons revealed that changes in syn-
aptic transmission were not limited to the injured cortex but
were present in the cortex contralateral to the lesion as
well. Under our experimental condition, the spontaneous
inhibitory signals were found to be depressed in both
cortices while no changes were observed in amplitude and
frequency of spontaneous AMPAR-mediated events
(Fig. 4). This does not necessarily imply that excitatory
transmission remained unaltered following lesions. Indeed,
a lesion-induced reduction in the number of functional
synaptic inputs coupled with an increased glutamate
release may still produce a similar outcome. Furthermore,
the NMDAR-mediated component, which was not studied
in this context, might also contribute to alterations in
excitatory transmission (Yan et al. 2012).
Changes in short-term plasticity (measured as PPR)
were also observed when either AMPAR- or GABAAR-
mediated current was evoked with two consecutive pulses
at very short ISIs (20, 30 or 100 ms). Surprisingly, these
alterations were not only present but also even more pro-
nounced in the cortex contralateral to the lesion (Fig. 5).
Within these short time intervals, PPR can be influenced by
several factors, such as desensitization or saturation of
postsynaptic receptors (Jones and Westbrook 1996),
changes in Ca2? dynamics at presynaptic terminals (Cail-
lard et al. 2000) or changes in the probability of neuro-
transmitter release (Jiang et al. 2000; Thomson 2000). In
this regard the changes observed in PPR could suggest an
increased glutamate and a decreased GABA release which
may shift the excitation–inhibition balance in both cortical
hemispheres post-lesion. This last, potential scenario was
investigated more directly by comparing the amplitude of
evoked AMPAR- and GABAAR-mediated currents recor-
ded in the same neuron. Surprisingly, an increased ratio,
corresponding to a shift in favor of excitability, was
observed exclusively in the cortex contralateral to the
lesion when a single presynaptic stimulation was applied
(Fig. 6a–c). Hyperexcitability, in terms of increased
AMPA to GABA ratio, appeared in the injured cortex as
well, when consecutive pulses were applied at a frequency
of 5 Hz (Fig. 6d, e). This ‘‘delay’’ shift in favor of excit-
ability was mainly due to a faster decay of GABAAR-
mediated current which developed with subsequent stimuli,
mainly at 400–600 ms after the first pulse (supplementary
material Fig. S1). The time course of this phenomenon
suggests a participation of presynaptic metabotropic
receptors which might be differentially modulated after the
lesion (Deisz 1999; Pe´rez-Garci et al. 2006). All together
these results suggest that the lesion caused alterations in
synaptic transmission in favor of excitability in both cor-
tical hemispheres. Interestingly, these functional changes
were more pronounced in the undamaged cortex than in the
injured hemisphere. This difference between the two cor-
tices may, at least partially, explain the interhemispheric
imbalance observed with zif268 analysis. Furthermore, it is
noteworthy to mention that an enhanced tonic inhibition,
which was found at the border of the injury in our (Im-
brosci et al. 2013) and other lesion models (Clarkson et al.
2010), may prevent hyperexcitability and further explain
the lack of increase in zif268 staining in the immediate
surround of the lesion. The cellular mechanisms underlying
the observed alterations are currently largely unknown.
Local perturbations, such as changes in the ionic extra-
cellular composition, for instance due to the release of K?
from death cells, or the astrogliosis reaction strongly
expressed close to the border of the lesion (Yan et al. 2012)
can affect synaptic transmission (Haydon and Carmignoto
2006). However, these local changes cannot explain the
alterations present in the cortex contralateral to the lesion.
Alternatively, functional changes may take place as a
consequence of the substantial loss of synaptic connectivity
close to the death tissue. This may cause alterations in
neuronal activity or in the release of neurotrophic factors or
neuromodulators which may spread over a number of
synapses and therefore diffuse into remote, connected brain
areas.
It is important to mention that in our slice preparation
we could preserve neither the thalamus nor the corpus
callosum. This prevented us to selectively stimulate and
therefore study the contribution of long-range connections
to the observed functional changes. To address this issue,
future studies may use optogenetic tools to selectively
stimulate axonal terminals belonging to callosal or thala-
mocortical neurons, which may still be present and possi-
bly functional in cortical slices.
Lesion-induced changes in neuronal activity in layer 5
pyramidal neurons
Layer 5 pyramidal cells send their axons to different sub-
cortical structures, to distant ipsilateral cortical areas and to
the contralateral cortex (Molyneaux et al. 2007). Physio-
logical changes in the output of these neurons may there-
fore contribute to the spreading of lesion-induced
disturbances to remote brain areas. Our current-clamp
recordings from layer 5 neurons revealed an overall
increase in spontaneous activity in both cortical hemi-
spheres post-lesion. Nonetheless, we noticed a quite
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remarkable difference between injured and contralesional
cortex. Ipsilateral to the lesion the increased activity
resulted from a larger population of active cells. In the
opposite cortex, instead, it was due to an increased spon-
taneous firing rate in the active neurons (Fig. 7a–c).
Changes in spontaneous synaptic inputs and/or in cellular
intrinsic properties may be responsible for these alterations.
Neuronal firing frequency, achieved by current injection of
increasing amplitude, was also altered in a hemisphere-
specific manner (Fig. 8a–c). Beyond a plausible increase in
cortical excitability, the here-described changes may have
an impact on the cortical representation of sensory stimuli.
Based on our results, cortical processing of incoming
inputs is more likely to be disturbed in the surviving brain
tissue ipsilateral to the lesion. Indeed, an increased number
of spontaneously active cells may add ‘‘noise’’ and there-
fore reduce the ‘‘encoding’’ capacity of the cortex. Sensory
information encoding may also be impaired ipsilateral to
the lesion as suggested by the reduced range of firing rates
obtained by somatic current injections (Fig. 8a–c).
Layer 5 pyramidal neurons are a morphological and
electrophysiological heterogeneous population of cells.
Depending on their firing properties it is possible to distin-
guish burst-spiking and regular-spiking neurons. Com-
monly, burst-spiking neurons project to subcortical
structures. In contrast, regular-spiking cells project mainly
to the contralateral hemisphere and to the ipsilateral striatum
(Kasper et al. 1994; Molna´r and Cheung 2006). The lesion-
induced increased spontaneous firing activity of burst-spik-
ing cells may therefore contribute to the spreading of
hyperexcitability to subcortical structures. The impaired
evoked firing observed upon somatic current injection in
regular-spiking cells in the injured cortex may instead cause
an impaired information transfer between the two hemi-
spheres. In accordance, resting-state fMRI studies have also
reported a reduced interhemispheric functional connectivity
both in experimental animal models of stroke (van Meer
et al. 2010) and in stroke patients (Carter et al. 2010). The
here-observed cortex-specific functional changes may
therefore start unraveling the cellular mechanisms underly-
ing this impairment in transhemispheric communication.
Implication for recovery and conclusion
The possible participation of the contralesional hemisphere
in processes of functional recovery following a substantial
loss of the homotopic cortical areas nowadays still remains
a matter of debate. An accumulating number of studies
suggest a cooperative role of the intact hemisphere (Bury
and Jones 2002; Reinecke et al. 2003; Takatsuru et al.
2009; Axelson et al. 2013). The role of the ‘‘spared
hemisphere’’ seems to be particularly important when
severe injuries compromise any possible reconstitution of
function in the damaged cortex (Biernaskie et al. 2005;
Dancause and Nudo 2011). In the present study, we provide
additional lines of evidence for a series of functional
alterations possibly promoting an enhanced recruitment of
the contralesional hemisphere. Future in vivo studies
should further attempt to distinguish whether the reported
functional changes are adaptive or maladaptive in nature
and whether they may somehow provide a substrate for
recovery.
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